Aqueous waste organics are an abundant resource generated continuously by industry and human metabolism. Despite its high energy content, organic carbon is typically degraded to CO 2 through energy-intensive processes due to its heterogeneity, its low concentration, and stringent requirements for effluent quality. However, valorizing waste organics alongside recovered water is critical for the viability of utilities, industry, and next generation biorefineries. To that end, we employ a quantitative sustainable design (QSD) methodology to set a research agenda for the development of anaerobic 
Introduction
Aqueous waste organics represent a ubiquitous, renewable resource for bioenergy production. To date, aerobic degradation of organics to carbon dioxide (CO 2 ) has been the primary approach to wastewater management, despite incurred energy costs of 1000-2000 kW h kg carbon À1 . [1] [2] [3] [4] [5] As a result, wastewater treatment plants (WWTPs, a.k.a. water resource recovery facilities, a University of Illinois at Urbana-Champaign, Department of Civil & Environmental WRRFs) consume an estimated 3% of the US electricity demand, or 15 GW in the U.S. alone. 2, 6 Additionally, as next generation biorefineries come online, wastewater treatment will be responsible for roughly 20% of capital costs and parasitic losses on the order of 11-26% of a refinery's operational electricity consumption. [7] [8] [9] As utilities and governments invest hundreds of billions of dollars in wastewater infrastructure over the coming decades, 10 the valorization of industrial-and municipal-derived aqueous waste organics can play a key role in aligning economic and environmental performance along sustainable trajectories. 6, [11] [12] [13] Mainline anaerobic wastewater treatment has been shown to have several benefits over traditional aerobic processes, including the potential to eliminate aeration (often half of a WWTP's electricity consumption 14 ), reduce sludge wasting, and convert organic carbon to usable fuel (e.g., methane, hydrogen, electricity). 6, [15] [16] [17] [18] Mainline anaerobic treatment has been slow to take hold in technologically advanced communities due to several critical challenges, including large land requirements, unreliable performance at low temperatures, the potential to produce odors, and poor effluent quality. 18 Methane-producing technologies -which demonstrate the highest levels of energy production (as kJ g carbon removed À1 ) 17 -also suffer from high concentrations of soluble methane in reactor effluent. 18 However, technological advances continue to improve soluble methane recovery, 19 and long-term performance of psychrophilic (o20 1C) anaerobic technology has been demonstrated. 20, 21 A persistent barrier to anaerobic technologies, however, has been their failure to achieve adequate organic carbon removal to reliably meet discharge requirements. 17 With the introduction of membranes to mainline anaerobic treatment, anaerobic membrane bioreactors (AnMBRs) overcome this critical barrier and have been demonstrated to consistently produce high quality effluent in conjunction with high levels of methane-rich biogas production. 17, [22] [23] [24] [25] [26] With significant potential to align goals for bioenergy production and wastewater treatment, the research, development, and deployment (RD&D) of AnMBR is actively pursued. A key challenge in AnMBR RD&D, however, is the many disparate, competing designs and a lack of understanding of their relative sustainability and the factors governing environmental and economic performance. The fundamental characteristic of AnMBR is the integration of an anaerobic unit process [e.g., completely stirred tank reactor (CSTR) or anaerobic filter (AF)] with membrane filtration. 27 The inclusion of membranes in the biological process allows hydraulic retention time (HRT) to be reliably decoupled from solids residence time (SRT); this often results in much smaller plant footprints (compared to conventional anaerobic treatment) and can lower capital costs. 28 However, the inclusion of membranes may result in trade-offs such as increased energy demand due to permeate pumping and, more significantly, membrane fouling control (e.g., gas sparging). 29, 30 Ultimately, AnMBR is still an emerging technology, and many novel designs are being evaluated in parallel. 24, 25, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] With a broad range of possible configurations (including reactor structure, fouling mitigation strategy, membrane type, etc.), it is expected that a subset of these alternatives are bound to be inherently better than others in terms of economic viability and environmental impacts of full-scale installations. To date, however, configurations have only been analyzed one-at-a-time, 30, [42] [43] [44] limiting the field's understanding of which RD&D pathways have the greatest potential to align trajectories toward environmental and economic sustainability. The objective of this work was to evaluate the environmental and economic implications of the broad landscape of AnMBR designs to prioritize RD&D needs. To this end, discrete design decisions were identified and assembled to generate 150 unique AnMBR designs, including various combinations of reactor design, membrane design, and methane management (Fig. 1 , Table ESI-1 †). Fig. 1 Discrete design decisions evaluated as potential development pathways for AnMBR. Initial choices limited downstream alternatives, as indicated by black lines and brackets. Dissolved methane recovery and utilization options were available to all designs. This approach resulted in a total of 150 discrete AnMBR designs that were evaluated as potential development pathways. A full list of evaluated designs can be found in Table ESI-1. † Given that the focus of this study was on the identification of technology development pathways rather than the existing performance of individual configurations, it was assumed that each configuration could (at present or with incremental improvements over time) eventually achieve adequate effluent quality to meet permit requirements for biochemical oxygen demand (BOD) and suspended solids (e.g., 30 mg L À1 and 30 mg L À1 , respectively). This assumption is supported by a range of AnMBR designs that have been demonstrated to achieve Z90% COD removal (Table ESI-6 †) . Full-scale designs for all configurations were developed and assessed using a quantitative sustainable design (QSD) methodology 11 integrating life cycle assessment (LCA) and techno-economic analysis (TEA) in a Monte Carlo framework in MATLAB. Sensitivity analysis was also conducted to determine which input parameters have the greatest influence on environmental and economic metrics. Finally, the relative importance of individual design decisions to economic and environmental sustainability were quantified and targets for research and development were prioritized.
Results and discussion

Impact of design decisions
Membrane type [hollow fiber (HF), flat sheet (FS), multi-tube (MT)], membrane configuration (submerged, cross-flow), and GAC inclusion had the greatest relative median impacts on both cost ( Fig. 2 ; 0.72, 0.19, and 0.39) and GWP (0.56, 0.58, and 1.28).
Consistent trends were observed for reactor type, with AFs being less expensive than CSTRs (on average 6.2%), and for membrane types used in cross-flow configuration, with MT membranes consistently having the lowest GWP (median value 81% lower).
Other choices, however, were more nuanced. For example, including GAC always reduced GWP (by 58% on average) and, when used in conjuction with HF membrane modules, lowered the total cost by 25%. When GAC was used in conjunction with FS modules, however, the additional membrane tank volume (FS required more tankage per m 2 of membrane surface area) increased the cost by roughly 40%. Although GAC eliminates the need for gas sparging, the material itself is expensive (Table ESI-2 †) . When a large amount of GAC is needed -as in the case of FS AnMBRs (which require a larger membrane tank than HF units handling the same flow) -the cost of GAC may outweigh any environmental benefits. This finding highlights the need for the development of membrane modules specifically designed to leverage physical media (e.g., GAC) for fouling mitigation, while also reducing membrane tank volume. Methane management (i.e., deciding whether or not to include a degassing membrane, DM) was also high in its impact on GWP because for any given design, if a DM was not included, anywhere between 30-50% of the produced methane was lost in the effluent 26, 35 and was assumed to result in fugitive emissions to the atmosphere as a potent greenhouse gas (GHG). The degassing membrane is an early-stage technology with anticipated improvements in efficiency, 45 but a range of soluble methane management technologies may have potential for dramatic reductions in GHG reductions if energy positive operation or the beneficial use of soluble methane is achievable.
Impacts of individual designs
After examining the relative TEA and LCA impacts of the six discrete decisions under uncertainty, the cumulative impacts of each of the individual 150 AnMBR designs were compared to each other and to the performance of a state-of-the-art activated sludge system for organic carbon removal consisting of high rate activated sludge (HRAS; the first step in the AB process) coupled with anaerobic digestion (AD; see detailed explanation in ESI †). No single design universally minimized cost and environmental impacts across all categories. In order to comparatively examine the full landscape of designs, the median values of the net present value, net energy, and life cycle environmental impacts for each design were normalized between 0 and 1 according to eqn (1) :
where M is the median value (from 3000 trials) of metric i for design j, N is the normalized value, and M i,min and M i,max represent the minimum and maximum median values (across all 150 designs) for metric i, respectively ( Fig. 3 ; actual values for the minimum and maximum across all designs are reported in Table ESI-4 †). Designs were also compared to a HRAS + AD treatment process using established kinetic and design parameters (details in Section S4 of the ESI †). 
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In general, designs in the 90th percentile of costs had similar environmental impacts to those that were in the 10th percentile, indicating that certain design decisions decouple costs from energy consumption and environmental impacts. Specifically, the most expensive designs were principally submerged FS AnMBRs with GAC, with high costs stemming from larger membrane tanks (and thus, more GAC) as compared to HF systems (Fig. 4) . The elimination of gas sparging through the use of an AFMBR (i.e., the use of physical media for fouling mitigation) had dramatic benefits across environmental impact categories due to reduced electricity consumption, which led to strong environmental performance for all configurations leveraging GAC. In particular, AFMBR systems demonstrated the greatest level of energy positive performance, with an estimated net energy consumption of À0.09 to À0.06 kW h m
À3
; significantly better than conventional activated sludge WWTPs which consume roughly 0.3 to 0.6 kW h m À3 for similar levels of COD removal.
1,3
The HRAS + AD system was 13-34% more expensive than the top performing configurations (i.e. cross-flow with MT) -primarily due to aeration and sludge wastage requirements -but also operated near energy neutrality and had the lowest eutrophication impact. Eutrophication of all designs was driven by direct aquatic emissions (i.e., the effluent), and superior HRAS + AD performance stemmed from increased biomass yield and the assimilation of N and P into new biomass, thereby removing more nutrients from the wastewater during treatment. The relative difference between HRAS + AD and AnMBR eutrophication would be dramatically reduced for waste streams with more dilute nutrients or with N and P recovery downstream of AnMBR (discussed in more detail below). Designs above the 90th percentile for most environmental impacts (excluding ozone depletion and GWP) were cross-flow FS units because of the increased mass of membrane material needed and the added energy consumption from higher pumping rates to achieve adequate cross-flow velocity. The worst performing designs (above the 90th percentile) for ozone depletion and global warming were those that used membranes made of PTFE, which has a disproportionately high environmental footprint (normalized impact per kg of membrane material) as compared to other membrane materials that do not require fluorination. Designs in the 20th percentile for cost had a cross-flow, MT membrane (blue lines in Fig. 3 ), which also achieved near energy neutral performance (À0.02 to 0.01 kW h m À3 ; Fig. 4 ).
Although the AFMBR technology did achieve more energy View Article Online positive performance, the cost of GAC put AFMBR at B10-31% higher life cycle cost than cross-flow systems with MT membranes. Focusing on the 10% of designs with the lowest cost (which varied by $5 million in NPV) resulted in far less variability in LCA impacts than the full spectrum of designs, but even within these designs the median GWP impacts varied from 0.10 to 0.85 kg CO 2 eq. m À3 treated. Thus, although cost minimization would steer design away from the worst (from a life cycle environmental perspective) designs, differences in environmental impacts may still be significant (varying up to an order of magnitude in the Monte Carlo simulations).
Sensitivity to scenario, process, and technology assumptions
The sensitivity of total net present value and GWP (both on a per m 3 treated basis) to each of the 22 input variables (Table 2) were determined using Spearman's rank correlation coefficients (Fig. 5) , as described in the Methods section. Cost was most sensitive to interest, flux, and membrane lifetime, with median correlation coefficients of À0.50 (i.e., a moderate negative correlation), À0.38, and À0.29, respectively. These values were significantly different from a ''dummy'' variable that had no effect on the model outputs (p-values o 0.001, Wilcoxon rank sum test). Membrane cost had a moderate positive correlation (0.16). Certain input parameters only impacted specific designs (e.g., cross-flow velocity for designs with a cross-flow configuration); correlations for these parameters were only calculated for the relevant designs. GWP was most sensitive to flux, which was shown to have a moderate negative correlation (À0.48) stemming from the impact on membrane tank volume and membrane materials (increasing flux would decrease these sources of environmental impacts). This was statistically different from the ''dummy'' variable ( p o 0.001). The influent soluble substrate concentration had an elevated 90th percentile (0.37). AF AnMBRs with a cross-flow MT membrane or AFs with a submerged membrane had higher sensitivity to this parameter. The percent of methane partitioned to the biogas (i.e., the percent that is not dissolved in the effluent) had a high 90th percentile (À0.87) because of methane's potency as a GHG. Sensitivity to specific gas demand (SGD) was high (0.89), because increased SGD led to increased electricity consumption and, ultimately, higher GWP.
Research, development & deployment prioritization
Arguably the greatest strength of AnMBR is its ability to reliably, and under a range of temperatures and loading conditions, 38, 46 achieve high levels of carbon removal (90-99%) 17,26 from wastewater.
As further research is conducted on this emerging technology, treatment efficacy is expected to improve in conjunction with decreasing costs. 44 In order to expedite this process, the work presented here examined 150 possible AnMBR designs in order to prioritize research and development needs; a summary of these priorities can be found in Table 1 .
AnMBRs may continue to be developed as both CSTRs and AFs, with submerged and cross-flow configurations. A critical challenge for cross-flow systems is the need to improve pumping efficiency relative to membrane scouring. 47 MT designs outperform existing FS designs in this respect, and membrane geometries targeting 40.02 m s À1 cross-flow velocity per m 3 h À1 feed flow should be prioritized to reduce pumping. Even with increased efficiency in membrane geometry, a fundamental tension may still exist between fouling mitigation (which is improved through 
View Article Online
higher shear) and the stability and performance of anaerobic bioprocesses (which may be negatively impacted by higher shear). High shear has been shown to disturb syntrophic interactions among anaerobic microorganisms (likely caused by a buildup of fermentation products), 48 indicating that the implications of shear on hydrolysis, microbial community structure, and overall reactor performance need to be examined further. As a result, cross-flow velocities below 0.5 m s À1 should be targeted and fouling mitigation studies should also track bioprocess performance (CH 4 production, carbon removal, volatile fatty acid build-up, etc.) under continuous, long-term operation.
A critical challenge for submerged systems also stems from fouling mitigation, with this analysis demonstrating the clear need to eliminate gas sparging and replace it with less energy-intensive processes. Possible development pathways include the use of physical media for scouring of the membrane surface 34, 35, 49 or membrane vibration. 18, 50, 51 Including GAC in an AnMBR has many benefits (e.g., decreased membrane fouling, 35, 52, 53 higher fluxes, 52 and removal of trace contaminants), 35 but its use needs to be further evaluated through long-term experimental studies to better quantify trade-offs between an increased flux and a potential decrease in membrane life (increasing maintenance costs). To the degree possible, research efforts should focus on physical medium selection and membrane geometry to achieve membrane cleaning without damage, and simultaneously target cheaper, smaller, and lower density particles 49 to reduce upflow velocity requirements for bed expansion (e.g., reduce upflow velocity to o7.5 m h À1 while keeping HRT below 1.6 h). Research on membrane materials can further support this goal by continuing to target better resistance to fouling while simultaneously increasing useful life. 26, 49 Increasing membrane material efficiency (i.e., the ratio of membrane surface area to material volume) to over 2000 m 2 m À3 will also contribute to lower cost, more efficient systems with reduced environmental impacts. Finally, although researchers have achieved longterm AFMBR operation (485 days, 0.8 m 3 reactor volume) without chemical cleaning, cleaning may ultimately benefit system performance and a method should be developed that does not harm organisms attached to the fluidized GAC. 53 The release of dissolved methane to the atmosphere via reactor effluent is a persistent problem for AnMBRs that has significant impacts on energy recovery and life cycle GWP. 1, 54, 55 Existing approaches include the use of sweep gas 18, 19 or vacuum extraction with a degassing membrane; 45 the latter was examined in this study as well as in Pretel et al. 30 If DMs are ultimately able to recover the same amount of energy (as methane) than that which is required to operate the system (as electricity), these systems would reduce the life cycle GWP of a plant by more than half but at a 5% increase in NPV. These environmental benefits may also be achieved through alternative uses of soluble methane, including the production of chemicals (e.g., methanol) [56] [57] [58] [59] [60] or the facilitation of denitrification. 61 Ultimately, the criticality of soluble methane management and the breadth of potential solutions underscores the need to develop integrated solutions for WWTPs interested in AnMBR. Beyond methane, View Article Online nutrient management is a critical challenge for many utilities, creating opportunities for downstream nitrogen removal 26, 62 or the development of more comprehensive resource recovery strategies through the integration of phototrophic bioprocesses (e.g., microalgae cultivation for energy positive nutrient recovery). 17 
Conclusions
This novel analysis of AnMBR examined 150 potential development pathways, and identifies a range of research and development needs for this emerging technology. In addition to those specific needs identified above (and in Table 1 ), research efforts should continue to focus on core elements of AnMBR that reduce costs without sacrificing treatment efficacy (e.g., increasing membrane flux, 54 decreasing HRT 26 ), maintaining the goal of achieving adequate effluent quality at costs below conventional aerobic systems. There were no designs that had both the lowest costs and lowest environmental impacts, though designs below the 10th percentile for costs did have comparatively low environmental impacts. Most design decisions resulted in trade-offs, the navigation of which is necessary if AnMBRs are to become broadly applied at full-scale WWTPs. 30, 44 Relative to the stateof-the-art WWTPs relying on mainline aerobic treatment processes (HRAS + AD or the first stage of the AB process coupled with AD), two subsets of configurations -(i) cross-flow with multi-tube and (ii) submerged hollow fiber with GAC -were less expensive and able to achieve energy neutral or positive treatment. If future research targets the design, operational, and material improvements discussed here, net energy positive treatment and life cycle environmental benefits (e.g., net GHG removal from the atmosphere through energy offsets) can be achieved. In the U.S., hundreds of billions of dollars will be spent over the next few decades to meet more stringent discharge requirements and update aging infrastructure. 10 In parallel, existing and emerging biomass-based industries -including the biological production of fuels and chemicals -will generate dilute organic carbon waste streams that must be managed. Utilizing AnMBRs instead of energy-intensive aerobic processes will not only reduce costs and environmental impacts, but will ultimately align goals for local and global environmental sustainability with financial viability in the management of aqueous carbon resources.
Methods
Design roadmap
To evaluate the broad range of AnMBR designs that could be pursued in the coming years, the following discrete decisions were considered ( Fig. 1 ): reactor type, membrane configuration, membrane type, membrane material, soluble methane management, and methane processing method. The landscape of possible combinations of these decisions (e.g., a submerged membrane unit could only have a hollow fiber or flat sheet membrane module, not a multi-tube module) was assembled based on the literature and industry experience. Ultimately, the overall costs and environmental impacts of 150 different AnMBR designs were compared ( 28 ) with two reactors in series: a biological reactor followed by a membrane tank. Membrane tanks were as small as possible to accommodate the required number of membrane units, which was dictated by flux and design specifications from GE, 64 Kubota, 65 and Pentair.
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If the design HRT ( Table 2 ) was greater than the HRT of the membrane tank, a preceding CSTR was designed to accommodate the difference. Cross-flow systems were housed in a building adjacent to the biological reactors. The implications of including physical media (assumed to be granular activated carbon, GAC, based on recent work on this topic 34, 35, 40 ) in submerged configurations -designated the anaerobic fluidized MBR (AFMBR) 35 -was also examined. If GAC was included, it was placed only in the membrane tank and recirculation pumping was increased to achieve adequate upflow velocity for full bed expansion of the GAC; headloss due to bed expansion was assumed to be negligible. 49 No GAC replacement was assumed (consistent with Kim et al. 35 ) and no aerobic polishing (consistent with Smith et al. 44 ) postmembrane filtration was included. 4.1.2 Membrane type and material. The three membrane types considered in this study were hollow fiber (HF), 24, 31, 35, 37, 40 flat sheet (FS), 25, 36, 38, 41 and multi-tube (MT). 47, 67 While FS membranes can be used in either configuration, in full-scale systems HF or MT membranes are generally restricted to submerged or cross-flow configurations, respectively. In order to include specific membrane information (e.g., nominal surface area per module) a default membrane was assumed for each type: GE ZeeWeed* 500D for HFs, Kubota RM515 for FS, and Pentair X-flow for MT. Three types of membrane material were included in the LCA: plastic, sintered steel, and ceramic. Within plastic, four types were considered: polyethersulfone (PES), polyvinylidenefluoride (PVDF), polyethylene terephthalate (PET), and polytetrafluoroethylene (PTFE). 25, 32, 34, 35, 38, 39, 41 Plastic was assumed to be usable for any membrane type, but sintered steel and ceramic were limited to FS and MT membranes, respectively. While these materials incur different environmental impacts due to their respective production methods, differences in costs were assumed to be negligible. 4.1.3 Methane recovery and utilization. At ambient temperatures, upwards of 50% of produced methane can be dissolved in AnMBR permeate (i.e., reactor effluent). 17 If unutilized, dissolved methane would ultimately be lost to the atmosphere as a fugitive emission (i.e., an unintended release to the natural environment), reducing bioenergy production and undermining broader ). In order to recover all produced methane, the potential use of a degassing membrane (DM) was also included to quantify the trade-offs (in terms of cost and environmental impacts) of recovering methane or releasing it to the atmosphere. 45 Biogas produced and collected during the anaerobic process was assumed to be reused for energy and heat generation using a combined heat and power (CHP) system. Four CHP systems were evaluated in this study: internal combustion, combustion gas, microturbine, and fuel cell (their associated efficiencies can be found in Table ESI-2 in the ESI †) . 42, 69 4.1.4 Operation and cleaning. Scouring of the membrane surface is necessary to remove foulants and varies depending on the reactor configuration, influent wastewater, and operational conditions. 67 Cross-flow systems utilized a high cross-flow velocity to mitigate fouling, whereas submerged AnMBRs relied on gas sparging. As an alternative to gas sparging, membrane scouring in submerged systems was also achieved by fluidizing a bed of GAC in direct contact with the membrane. 35 For further foulant removal, chemical cleaning -both in-place (CIP) and out-of-place (COP) -may be required. Citric acid (100% by weight) and sodium hypochlorite (NaOCl, 12.5% by weight) were included in this study for inorganic and organic foulant removal, respectively. Annual consumptions were assumed to be 0.6 L year
for citric acid and NaOCl, respectively, based on industry experience (Table ESI-2 †) . This assumption did not significantly impact the costs or life cycle environmental impacts of the system.
Techno-economic analysis (TEA)
Using the system boundary described above, costs for the construction, operation, and maintenance of unit processes were calculated using equations derived from CapdetWorkst (v3.0; Hydromantis Environmental Software Solutions, Inc.) and Hazen and Sawyer (Section S2 of the ESI †). In order to compare the costs of different configurations, the net present value (NPV) was calculated assuming an interest rate that varied uniformly between 6-10%. Unit costs for equipment were acquired from CapdetWorkst 2014 vendor data or were retrieved directly from the manufacturer. See Section 2 of the ESI † for a detailed explanation of cost calculations.
Life cycle assessment
4.3.1 Goal and scope definition. LCA has been widely used to assess the broader environmental impacts of wastewater technologies and management decisions, 73 and was conducted here alongside net energy balance as an assessment of the environmental sustainability of design alternatives. LCA was carried out according to the methodology of ISO 14040/ 14044. 74, 75 The functional unit for this study was the treatment of 1 m 3 wastewater (300 mg COD L À1 ) to discharge quality (30 mg COD L À1 ), with a project lifetime of 30 years. The system boundary included both construction and operation of the plant (Fig. ESI-1 in ESI †), but demolition was excluded (consistent with [76] [77] [78] [79] ). First and second order environmental impacts were also examined, where first order impacts were classified as direct emissions (to water, air, and land) from the WWTP and second order impacts stemmed from off-site processes such as View Article Online electricity production/transmission, material production, transportation, and avoided energy production offset by biogas recovery and utilization.
Life cycle inventory (LCI).
The LCI for construction was generated from the detailed design of full-scale plants using vendor specifications (e.g., in the case of membrane modules, cassettes, and piping layouts), industry standards, 4 and multiplicative factors as described below. Once reactors, membrane cassettes, piping networks, and buildings (to house pumps, blowers, and cross-flow membrane units) were designed, the following items were quantified: volume of concrete, volume of excavation, mass of piping material, mass of membrane material, and mass of materials for the combined heat and power (CHP) system. A multiplicative approach was utilized to account for other miscellaneous WWTP construction materials (reinforcing steel, transportation, wiring, etc.) as outlined by Fahner 80 and Doka 81 and used by Foley and colleagues, 82 excluding those materials and processes that were directly quantified from detailed design (listed above). For operation, considered processes included citric acid and NaOCl consumption for membrane cleaning, electricity consumption and offsets, GAC, membrane replacement, and sludge landfilling. Direct emissions from the plant to air and water were also included in this study (i.e., COD, NH 3 , NH 4 + , organic nitrogen, total phosphorus, and PO 4 3À to water; CH 4 and CO 2 to air). The electricity mix was set to the 2014 U.S. average, 83 namely: 39% hard coal, 27% natural gas, 19%
nuclear, 7% hydroelectric, 4.1% wind, 1.5% biomass, and 1% petroleum. For all materials and processes, LCI data were gathered using ecoinvent v3.0 84 and surrogates were used for items without available inventory data (Table ESI-3 †) .
Life cycle impact assessment (LCIA).
The LCIA was conducted using the tool for the reduction and assessment of chemical and other environmental impacts (TRACI v2.1), which classifies and characterizes the impact of each raw material and emission (quantified in the LCI) across nine categories: stratospheric ozone depletion, global warming potential (GWP), tropospheric smog formation, acidification, eutrophication, human health (HH) cancer, HH non-cancer, HH criteria-related (focusing on impacts of particulate matter and its precursors), and ecotoxicity. 85 No normalization, weighting, or aggregation beyond TRACI was performed.
Uncertainty and sensitivity analyses
Monte Carlo with Latin Hypercube Sampling (LHS; 3000 trials per AnMBR design) was used to propagate input uncertainty for 22 parameters (Table 2) to quantify costs and life cycle environmental impacts for each design. The analysis was repeated with 1000 trials per design to confirm results did not change and that 3000 trials was more than sufficient to generate reproducible results. Assigned values were based on the literature or were conservatively estimated if data were lacking. Uncertainty distributions were also assigned to each parameter based on data availability; uniform distributions (i.e., AE20% of the assigned value) were used unless evidence suggested otherwise (Fig. 6 ). The sensitivity of net present value and GWP (both normalized to a per m 3 treated basis) to the input parameters across all configurations was determined by comparing Spearman's rank correlation coefficients. 12, 86 In order to discern how individual design decisions affected the model outputs, the relative impact of each decision was used to characterize its economic and environmental importance. 6 Experimental data for key operational parameters for AnMBRs. Data were separated by membrane configuration (i.e., submergedsquare or cross-flow -diamond) and were labeled according to their citation (see Table ESI -6 † for list of citations and values). If the configuration was listed as submerged, but a cross-flow velocity was given, the AnMBR was considered to have a cross-flow configuration. Data is presented as single points or a range of values, signified by error bars. Unfilled symbols represent pilot-scale AnMBRs (i.e., 4500 L); these were given preference when determining uncertainty distributions for the model (gray shading). Colors correspond to how the input affected the model (see Fig. 5 for a description) . HRT has two distributions: one for AnMBRs with GAC (2.2-3.3 hours) and one for AnMBRs without GAC (8-16 hours). 
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Variation for a given metric (focusing on NPV and GWP) resulting from the six design decisions examined in this analysis was quantified by taking the difference in median values (i.e., median of 3000 Monte Carlo trials) between two configurations that only varied by one decision (e.g., the reactor type and membrane material were the same, but one used a submerged membrane and the other used a cross-flow), and dividing by the minimum of those two median values.
